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Introduction
In2003,TrimerisandRochereportedanewtreatmentforthehuman
immunodeficiencyvirus(HIV) labeledEnfuvirtidel.Thisdrugwasformulatedto
specificallyinhibitHIV-1entryintoCD4lymphocytes,whichareknowntobeacted
uponbyHIV-l. Enfuvirtideisthe36aminoacidC-terminalsequenceofgp41,aprotein
thatformsanalpha-helicaltrimerthatwhenassociatedwithanotherprotein,gp120,
undergoesconformationalchangesthatallowsfusionof HIV -1withthelymphocyte
membrane.
Recently,a similarHIV fusioninhibitorwascreatedwithanoverlappingC-
terminalsegmentfromEnfuvirtide.Thispeptideis37aminoacidslongsowill befurther
referredtoastheC37peptide.ThispeptidehasalreadybeenclonedintoE. coliwitha
fusionprotein(xanthine-guanine-phosphoribosyltransferase,GPRT) foreffective
purification,andthereis aTobaccoEtchVirusNIa protease(TEV protease)cleavagesite
connectingthefusionproteintotheC37peptide.WhencleavedwithTEV protease,the
C37peptidewill haveanN-terminalcysteinethatcanbesubjectedtonativechemical
ligation2.Sinceourlabalreadyhadaccesstothisstrainof E. coli,theC37peptidewasa
primecandidateforourstudiesonpeptidepolymerization.
Peptidepolymerizationcanplayavarietyof roles.It maybepossibletomakea
morepotentinhibitorbylocallyconcentratinginhibitorpeptidesby viapolymerization.
Proteingelshavealreadybeenestablishedasmethodsformeasuringprotein
concentrationa dkinetics3.Soastoreducetheamountofproteinrequiredtomakeagel,
acrylamidecanbecopolymerizedwiththeprotein.However,inordertopolymerizethe
protein,it needstobeconjugatedtoapolymerizablespecies.A novelcompound,
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2-(4-vinylbenzoylthio)acetica id(FigureIb), alsoknownasthebenzoicacidvinyl
thioester,wasutilizedastheconjugatespecies.Thevinylgroupisthatbywhich
polymerizationwill occur.Theproteinwillbeconjugatedbynativechemicalligationin
whichanN-terminalcysteinereactswithacarboxylicacidandrearrangestoforman
amidebond4.
ThegoalofthisworkwastoisolatetheC37peptide,ligateit tothebenzoicacid
vinylthioester,andpolymerizeit intoagel.InordertoisolatetheC37peptide,ithadto
becleavedfromitscarrierproteinviaTEV protease,whosecleavageisefficientunder
reducinganddialyzingconditions3.ThereducingconditionspreventTEV protease,a
cysteineprotease,frombecomingdeactivatedviaself-disulfidebondformation.Dialysis
preventsaldehydesin solution(potentiallyfromglycreroloxidation)fromreactingwith
N-terminalcysteinesandpreventingthemfromligationinthenextstep.TheC37peptide
wasthenligatedtothethioester,andtheligationmixturewaspurifiedbyeitherhigh-
performanceliquidchromatography(HPLC)orPepcleanC-18spincolumns.Analysisof
eachstepwasperformedbymatrix-assistedlaserdesorption/ionizationmass
spectrometryviatime-of-flightdetection(MALDI-TOFMS).
Materials andMethods
Purificationof TEVprotease
Toreplenishlaboratorystocks,activeTEV proteasewasexpressedandpurified.
TEV proteasewasobtainedviabacterialexpressionandinclusionbodypurification.A
colonyfromaplateofE. colitransformedwithaplasmidcontainingtheTEV protease
genewithanN-terminalHis6tagwasinoculatedinto5mLLB liquidmediacontaining
10roMkanamycin(Kan).Thisculturewasincubatedovernightat37°Cwithshaking.
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Theculturewasthentransferredto1L LB liquidmedia+Kanandincubatedat37°C
withshakingforapproximately3h.To inducexpressionofTEV protease,isopropyl-j3-
D-thiogalactopyranoside(IPTG)wasaddedtomakeitsfinalconcentration0.1mM.
Expressionproceededfor4hat37°Cwithshaking.Theculturewasthencentrifugedat
5000rpm(JAIO rotor)for10minat4°C. Supernatantwasthenremoved,andthecell
pelletswerestoredovernightina-80°Cfreezer.
Thepelletswerethenresuspendedin20mLbuffercontaining50mMpotassium
phosphate,pH8.0,and5mMj3-mercaptoethanol(j3-ME).Cellswerethenchilledonice
for10min,andthenlysedviasonication(30son/I minofffor7mintotal).Thelysate
wascentrifugedat12000gfor1hat4 °c (JA20rotor).Supernatantwasagaindiscarded,
andthepelletwasresuspendedin20mLofadenaturingbufferincluding7M guanidine
hydrochloride(GuHCI),5mMj3-ME,and50mMpotassiumphosphate,pH7.5.The
resuspendedpelletwasthenstirred1hatroomtemperature(25°C)followedby
centrifugation(12000g,40min,4°C).
Thesupernatantwasthenloadedontoapre-equilibrated1.5mLNi2+-NTA
column(Qiagen,equilibratedwiththedenaturingbufferpreviouslydescribed).The
columnwasthenwashedwith10columnvolumesofabuffercontaining300mMsodium
chloride,5%w/vglycerol,10mMimidazole,6M urea,SmMj3-ME,and50mM
potassiumphosphate,pH7.5.TheHis-taggedTEV proteasewaselutedfromtheNi2+-
NTA columnwith200mMimidazole(inabufferalsoincluding6M urea,SmMj3-ME,
and50mMpotassiumphosphate,pH7.5)inten0.5mLfractions.Samplesofeach
fractionwererunona15%polyacrylamideg ltodeterminewhichfractionstocombine.
Combinedfractionswerethendilutedwithasolutionof 6M urea,SmM j3-ME,and50
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mMpotassiumphosphate,pH7.5,toobtainafinalvolumeof20mL.TEV proteasewas
refoldedviadialysisin25mMpotassiumphosphatebuffer,pH7.5,with5mMI)-MEat
4°C. After2h,thedialysisbufferwasswitched,anddialysiswasallowedtoproceedfor
anadditional36hat4 dc.DialyzedTEV proteasesolutionwascentrifugedat4000gfor
10mintopelletprecipitatedprotease.PurifiedTEV proteasewasthenstoredforlateruse
at-20°C.
Polyacrylamidegelelectrophoresis
Forproteinvisualization,15%polyacrylamideg lswereused.Theresolvingel
wasfirstpolymerizedfor30minandcontained15%w/vpolyacrylamide,0.4%BIS-
acrylamide,0.05%w/vammoniumpersulfate,0.1% sodiumdodecylsulfate(SDS),
0.0005%v/vN,N,N:N:tetramethylethylenediamine(TEMED),and375mMTris-HCl,
pH8.8.It wasoverlaidwithN-butanoltocreateauniformlayer.Thebutanolwas
removedfromthegelapparatus,andtheresolvingelwasrinsedwithdeionizedwater
anddriedpriortopouringthestackingel.Thestackingelwasthenpolymerizedfor30
minandconsistedof4%w/vpolyacrylamide,0.11%BIS-acrylamide,0.07%w/v
ammoniumpersulfate,0.1%SDS,0.001%TEMED,and125mMTris-HCl,pH6.8.All
sampleswereloaded1:1withloadingdyecontainingbromophenolblue,5mMI)-ME,
and0.1%SDS.ProteinmarkerswerepremadefromNewEnglandBiolabs(Prestained
ProteinMarkers,BroadRange).Sampleswereheatedat95°Cfor5minpriortoloading
onagel.Oncesampleswereloaded,thegelswererunat200V for45min- 1hin IX
SDSbuffer(BioRadTGS solution,25mMTris-HCl,pH8.3,192mMglycine,0.1%w/v
SDS).
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Gelswerestained30minwith1mg/mLCoomassieBrilliantBlueR-250solution
containing45%methanoland10%aceticacid.Thesolutionwasdecantedfromthegels,
andthegelswererinsedwithdeionizedwater.Gelsweredestained20minwitha
solutionof30%methanoland10%aceticacidwithgentlerotationandtwistedkimwipes
toabsorbdye.Thissolutionwasdecanted,kimwipeswereremoved,andfreshdestain
andkimwipeswereaddedtothegels,whichwereallowedtodestainanother30min.
GelswerethendriedwithInvitrogenGel-DrysolutioninDryEraseminicellophane
squares.
CleavageofproteinswithTEVprotease
VariousamountsofeitherHis6-GPRTorGly-GPRT-C37-His6proteinswere
cleavedwithTEV protease.An arbitrary100~LTEV proteasewasaddedper1mg
proteintobecleaved.This wasallowedtoproceed24h underreducingdialysis
conditions(1mMf)-MEin25mMpotassiumphosphatebuffer,pH7.5).5mgGly-
GPRT-C37-His6wascleavedby200~LTEV proteaseoverthreedayswithdialysis
bufferchangedaily(samebufferaspreviouslymentioned).A timecourseofcleavage
wasanalyzedviapolyacrylamideg lelectrophoresis(a describedabove).
High-PerformanceLiquid Chromatography(HPLC)
A ThermoSeparationProductsHPLC withaC-18columnandUV detectorwas
employedforpurificationofthecleavageandligationmixtures.Thecolumnwas
equilibratedwith90%A buffer(0.1%trifluoroacetica id,TFA) and10%B buffer(0.1%
TFA in acetonitrile,ACN). Al mL samplewasinjectedandseparatedwithagradientof
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10-80%B bufferover30min.Thepeakfractionswerethenpooledandanalyzedby
matrix-assistedlaserdesorptionlionizationtime-of-flightmassspectrometry(MALDI-
TOF MS)inpositiveionmode.
Labelingofproteins
Withoutfurtherpurificationof thecleavedprotein,Gly-GPRT-C37-His6was
ligatedtoathioester-containingsmallmoleculevianativechemicaligation(N-terminal
cysteineavailableonC37-His6peptide).Two moleculeswereligated,abiotinthioester
andlaterabenzoicacidvinylthioester(Figure1).Ligationswerecarriedoutatroom
temperaturein30mM2-mercaptoethanesulfonicacidand30mMpotassiumphosphate
buffer,pH 7.5,for24h with4 mM thioesterandtotalvolumeof theTEV protease
cleavagemixture.
To isolateligatedpeptide,PepcleanC-18spincolumnswereused(Pierce
Biochemicals).A portionof ligationmixture(120ilL) wasdilutedwithTFA andACN to
reachfinalconcentrationsof0.5%and5%,respectively.Thecolumnwasactivatedwith
50%methanolandequilibratedwith0.5%TFA and5%ACN.Thedilutedligation
mixturewasloadedontothespincolumnandspun1minat1500g.Theflow-throughwas
reloadedandcolumnspunagain.Thespincolumnwaswashedfourtimeswith0.5%
TFA and5%ACN.Thepeptidewaselutedwith70%ACN.Ligationsuccesswas
determinedbyMALDI-TOF MS. All sampleswereanalyzedwithin24h of
experimentation.
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CompletedWork
TobaccoEtchVirus(TEV)proteasewasexpressedinE. colicellsandpurifiedin
ordertoreplenishlaboratorystocks.Ascanbeseenfromcolumnelutionfractionsin
Figure2,mostTEV proteaseelutedinthefirstfewfractions.Fractions2-8were
combined,dilutedwithbuffer,anddialyzedtobepurifiedTEV proteaseasdescribedin
theMaterialsandMethodssection.Thepurificationprocesswassuccessfulin thatahigh
amountofTEV proteasewascollectedandconcentrated,whichisvisualizedinFigure3.
UninducedE. colidoesnotshowabandcorrespondingtoTEV protease,whereasasmall
bandcanbeseenintheinducedE. coli.Thepost-sonicationsupernatanthasamultitude
ofproteins.Sincethiswasdiscarded,TEV proteasewaspurifiedinthecentrifugation
step.PurifiedTEV proteaseshowsonemedium-sizedband,whereintheTEV protease
standard,thereisonelargebandintheexpectedlocationandseveralbandslikelyarising
fromdegradation.Thus,thepurifiedTEV proteaseis lessconcentratedthanthestandard
butispurer.TEV proteasewasanalyzedbyUV spectrophotometryviaitsabsorbanceat
280nm,anditsconcentrationwasdeterminedtobe7.6IlM.
OnceTEV proteasewaspurified,itneededtobeanalyzedforactivity.A test
cleavageofHis6-GPRTwasperfonned,wheretheTEV recognitionsitefallsbetweenthe
HistagandGPRTprotein.AscanbeseeninFigure4,TEV proteaseis activeand
cleavedapproximately50%oftheHistagsoffGPRTover24h.BecausetheC37peptide
istheoneofinterest,italsoneededtobecleavedfromitscarrierprotein.TEV protease
wasusedtocleaveGly-GPRTfromtheC37peptidewithaC-tenninalHistag.A small
scale(1mg)cleavagewasperfonnedover24h,andapproximately60%of thefusion
proteinwascleaved.
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Sixtypercentcleavagewasnotadequate,soareactionof thesamescalewas
performedbutallowedtoproceedfor52h.ThismixturewaspurifiedviaHPLC, andthe
peakfractionwassubmittedforMALDI-TOF MS,whichshowsthatheC37peptidewas
successfullycleavedandreasonablypure(Figure5,5632Da).Thebiotinthioester
(Figure1a)wasthenaddedtothepeakfractionin orderto ligatetotheC37peptidewith
anN-terrninalcysteine.ThismixturewasthenpurifiedbyHPLC,andthepeakfraction
wassubmittedforMALDI-TOF MS.Figure6showsthespectrumobtainedfromthe
peakfraction,whichcontainsuccessfullyligatedC37peptidetothebiotinthioester
(5856Da).However,thesecompoundswereinverylowconcentrationsduetoHPLC
purification.
To addressthisproblem,PepcleanC-18columnswereemployedforpurification
oftheligatedcompounds.TheC37peptidewascleavedfromGly-GPRTover52h,and
thebiotinthioesterwasligatedtoC37over24h.A samplewasthenpurifiedwitha
PepcleancolumnandsubmittedforMALDI MS.InFigure7,it is apparentthathebiotin
thioesterwassuccessfullyligatedtotheC37peptideandisatanadequateconcentration.
Oncethecleavageandligationprotocolhadbeenoptimized,thefocusshiftedto
ligatingtheC37peptidetothebenzoicacidvinylthioester(Figure1b).TheC37peptide
wasagaincleavedfromitscarryproteinover52h underdialyzingandreducing
conditions.Thebenzoicacidvinylthioesterwasaddedtothemixture,andligationwas
allowedtoproceed24hatroomtemperatureinthedark.Thebenzoicacidvinylthioester
is light-sensitive,soitwaskeptinthedarktopreventsidereactionsfromoccurring.
Ligationappearssuccessfulinthefirstattempt,buttherearemanypeakspresentthat
cannotbeaccountedfor resultingfromsidereactions(Figure8).In attemptatattaininga
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morepurifiedproduct,C37wasobtainedvia52hcleavagefromitscarrierproteinand
ligated24h withthebenzoicacidvinylthioester.Prior toPepcleanpurification,one
samplewaspretreatedwithdithiothreitol(DTT,99%,Sigma),andtheotherwasleft
untreated.AscanbeseeninFigures9and10,DTT madenodifferenceinsamplepurity.
Thesefiguresalsosuggestthatligationwasonlypartiallysuccessfulinthisexperiment.I
isunlikelythatDTT degradedtheligatedproductasligationformedanamidebond
ratherthanadisulfidebondorthioester,uponwhichDTT acts.Thisalsoshowsthata
disulfidebondhasnotformedbetween2-mercaptoethanesulfonicacidandtheN-terminal
cysteine.However,it remainsunclearastotheidentityoftheotherpeakspresent.
FutureWork
Basedontheseresults,itappearsthathepeptideof interest(C37)canbeligated
tothioesterssuccessfully.Thus,itwouldseempossiblethatasuccessfullyligatedC37-
benzoicacidvinylthioestercouldbepolymerizedintoagel.This couldbeattempted
withacrylamideor simplytheligatedspecies.Oncepolymerizationis demonstrated,
proteinbindingandisolationcouldbeperformedforproteinsknowntobindtheC37
peptide.Thiscouldallowforeasierpurificationofthebindingproteinsuchthathey
couldbeanalyzedmoreclosely.Thereisalsopotentialforthedevelopmentofmore
potentinhibitorsthroughpolymerizationfpeptidedrugsintolargerunitswithmore
drugsinasinglemolecule.
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Figure1.ThioestersligatedtoC37-His6peptidevianativechemicaligation.A. Biotin
~
thioester.B. 2-(4-vinylbenzoylthio)aceticacidmentionedasthebenzoicacidvinyl
thioester.
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Figure2.Ni-NTA columnfractionsof TEV protease.DenaturedTEV proteasewas
elutedfromaNi-NTA columnwith200mM imidazolein ten500JlL fractions.These
fractionswererunin respectively-labeledlanesona 15%polyacrylamidegel,stained
withCoomassieBrilliantBlue,anddestainedwitha 10%aceticacid/30%methanol
solution.As canbeseen,thereis ahighconcentrationof TEV proteasein fractions2,3,
and4.TherearedecreasingamountsofTEV proteaseinfractions5-10.Fractions2-8
werecombined,diluted,anddialyzedtoobtainfolded,activeTEV protease.Thetop
arrowdenotesintactTEV protease.Thelowerarrowdenotesauto-proteolysisofTEV
protease.DuetosaturatingconcentrationsofTEV proteaseinthecolumn,itwas
expectedthatasmallamountofTEV proteasewouldbedegraded.
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Figure3.VisualizationofTEV proteasepurification.Stepsofthepurificationprocess
wererunona15%polyacrylamideg lforqualitativedetermination.Lane2showsthat
TEV proteaseisnotproducedinanoticeableconcentrationwithoutheinductionofE.
colitosynthesizetheprotein.Lane4isasampleofE. coliafterithadproducedTEV
proteaseforsixhours.To seeif muchTEV proteasewaslostafterE. coliwassonicated,
thesupernatantwasanalyzed(Lane3).TEV proteaseisaninsolubleprotein,sothegel
alsoshowsthatthisportiongreatlyenhancedthepurificationprocessbyremovingmany
proteins.It is likelythatsomeTEV proteaseremainedin thesolublefraction.It canbe
determinedbyLane5thatpurificationof TEV proteasewassuccessfulin thatit is the
onlybandthatappears.Lane6isaTEV proteasestandardbywhichcomparisonswere
made.TheconcentrationfTEV proteaseisnotashighasthestandard,butno
degradationproductsareobservedin thepurifiedTEV protease.Lane1holdsprotein
molecularweightmarkers,denotedbythenumberof kDaontheverticalaxis.
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Figure4.TestcleavageofpurifiedTEV protease.A 15%polyacrylamideg lwasrunfor
1hourat200V, stainedwithCoomassieBrilliantBlue,anddestainedwitha10%acetic
acid/30%methanolsolution.Lanes4-9followthetimecourseofTEV proteasecleaving
aHiS6tagfromHis6-GPRTlinkedbyaTEV recognitionsequence.Lanes1and2are
samplesofTEV proteaseandHis6-GPRTbeforebeingcombined.Lane3is aprotein
molecularweightmarker,withthemolecularweights(inkDa)listedonthex-axis.At
time0 (Lane4),thereis averylargeamountof taggedGPRT (densestband).However,
after24h (Lane9),thisamounthasdecreasedsignificantly.Two bandsbelowthetagged
GPRT showGPRT andthereleasedHis6tagwithitsC-terminalTEV recognition
sequence.
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Figure5:MALDI-TOF MS spectrumofthecleavagemixtureincludingtheC37peptide,
GPRT,andTEV protease.GPRTandTEV proteasearelargeproteins(MW>30kDa),
sotheyarenotseeninthefigure.However,thereisapeakat5630Da,whichiswithin
erroroftheC37peptide(expectedmass5624Da).
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Figure6:MALDI-TOF MS spectrumoftheligationmixtureoftheC37peptideandthe
biotinthioester.Thepeakat5856Daistheligatedpeptideandthioester(expectedmass
5854Da).Theotherpeaksmaybenoiseintheinstrumentasthesignal-to-noiseratiois
lowinthissample,indicatingalowconcentrationfpeptide.
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Figure7:MALDI-TOF MS spectrumoftheligationoftheC37peptidewiththebiotin
thioesterafterpurificationviaPepcleanC-18columns.Thestrongpeakat5856Da
indicatesthatligationwassuccessful(expectedmass5854Da).Thepeakat5639maybe
theC37peptideunligatedwithasodiumadduct.Therestof thepeaksmaybeattributed
toartificialreactivityfromtheMALDI matrix.
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Figure8:MALDI-TOFMS spectrumoftheligationbetweentheC37peptidewiththe
benzoicacidvinylthioesterafterPepcleanpurification.Thestrongpeakat5758matches
verycloselywiththeexpectedmassoftheligatedproduct(5757Da).The5638peakmay
bewithinerrorofasodiumadducttotheunligatedC37peptide(expectedmass5647
Da).Thepeakat5890couldpotentiallybetheligatedproductreactedwithanother,
unligatedbenzoicacidvinylthioesterviatheN-terminalcysteine(expectedmass5889
Da).OtherpeaksmaybeattributedtoreactivitywiththeMALDI matrix.
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Figure9:MALDI-TOF MS spectrumoftheligationbetweentheC37peptidewiththe
benzoicacidvinylthioesterpretreatedwithDTT beforePepcleanpurification.The
sampleappearspurer,buttheligatedproductisnotthemajorproductobserved(5757vs.
5892,respectively).It ispossiblethathe5641peakisasodiumadductoftheunligated
C37peptide(expectedmass5647).Themajorpeak(5892)correlateswiththemassofthe
C37peptideligatedtoathioesterandthecysteinereactingwithanotherunligated
thioester,butthisis notlikelytooccurin thepresenceof DTT.
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Figure10:MALDI-TOF MS spectrumof theligationbetweentheC37peptidewiththe
benzoicacidvinylthioesteruntreatedpriortoPepcleanpurification.Thesampleappears
equivalentotheDTT treatedsample.Theligatedproductis present(5761,expected
mass5757).The5643peakis likelytobeasodiumadductoftheC37peptide(expected
mass5647).Themassof themajorpeakcorrelateswitha ligatedC37peptidewiththe
benzoicacidvinylthioesterandanotherunligatedthioestereactingwiththecysteineon
theC37peptide.
